Abstract: Modern organic chemistry requires easily obtainable chiral building blocks that show high chemical versatility for their application in the synthesis of enantiopure compounds. Biomass has been demonstrated to be a widely available raw material that represents the only abundant source of renewable organic carbon. Through the pyrolitic conversion of cellulose or cellulose-containing materials it is possible to produce levoglucosenone, a highly functionalized chiral structure. This compound has been innovatively used as a template for the synthesis of key intermediates of biologically active products and for the preparation of chiral auxiliaries, catalysts, and organocatalysts for their application in asymmetric synthesis.
INTRODUCTION
It is generally recognized that the resources of the world are limited and sustainability has become a crucial point for the development of chemical products. These circumstances impose a great urgency to find renewable sources for their transformation in useful products including chemicals, fuels, and materials for replacing the enormous demand for petroleum.
Biomass has received particular attention because it represents the only abundant source of renewable organic carbon. More importantly, its oxygenated nature, chemical diversity, and chirality render biomass a highly suitable raw material to manufacture a multitude of high-added-value compounds [1] . Chirality at the molecular level has emerged as one of the major issues in the development of chemical technology, especially in the areas of drug synthesis and advanced materials. Among the plethora of natural molecules, carbohydrates are the most prominent members of the chiral pool since they are main constituents of all foremost structural molecules in living systems. By far, carbohydrates are the leading annually renewable biofeedstocks from which to develop viable organic chemicals that can compete or eventually replace those derived from fossil sources.
The main example is cellulose, the most widely spread biopolymer on Earth, based on cellobiose as monomer. This disaccharide, formed by two units of D-glucose linked by a β(1 → 4) bond, is a great source of chirality if appropriately treated.
Nowadays, paper manufacturing is a major industrial demand, and the annual paper production in weight is equivalent to three times the car industry production measured in the same way. Due to this production volume, it is easy to foresee the great amount of waste paper that is accumulated as a result of human activity. Paper can be recycled, but only for a limited number of turn-overs, and for this reason it is important to find other uses for any cellulosic material.
The pyrolitic treatment of microcrystalline cellulose or cellulose-containing materials, such as waste paper, degrade the cellulose polymeric chain into a useful building block named levoglucosenone (1,6-anhydro-3,4 -dideoxy-β-D-glycero-hex-3-enopyranos-2-ulose) (1) . The highly functionalized structure of 1 makes it an attractive chiral synthon for the synthesis of a wide variety of natural and unnatural compounds [2] . The 1,6-anhydro bridge locked the pyranose ring in the 1 C 4 conformation and sterically hinders the β-face of the molecule. Since the first report on the preparation of levoglucosenone 40 years ago [3] , different research was conducted to develop a wide variety of applications of this chiral template for the synthesis of enantiomerically pure compounds, some of them with interesting biological activity.
In the context of our ongoing interest in the development of new tools for the preparation of optically active compounds, we are devoted to the design and synthesis of original chiral synthons and inductors derived from levoglucosenone. The novel compounds can enable the generation of new functional materials, thus broadening the current portfolio of chiral chemicals. Furthermore, the present research attempts to incorporate the principles of sustainability and green chemistry in the preparation and application of the new chiral compounds.
PREPARATION OF LEVOGLUCOSENONE
The most common method to obtain levoglucosenone in preparative scale is the pyrolysis of cellulosic materials [2] [3] [4] . In an alternative approach, the group of Shibagaki reported the synthesis of 1 starting from D-galactose [5] . In a typical experiment, the acid pretreated sample is introduced in an electric furnace at 270-300 °C affording the desired enone in 3-5 % yield, with 2-furfuraldehyde as the major impurity [2] [3] [4] . The use of this conventional heating method suffers from several drawbacks, such as poor heat transfer, long reaction times, high energy consumption, and the need of specially designed equipment. For these reasons, we envisaged the use of microwave irradiation in the pyrolytic step, as this alternative heating method would provide a fast, simple, and environmentally friendly process to achieve our goals. Using domestic microwave ovens, along with simple and economic glass equipment, we could obtain levoglucosenone in 7-8 % yield, Scheme 1. Under these conditions, the major impurities detected were 2-hydroxymethylfurfural and levulinic acid, which could be easily separated upon standard work-up and vacuum distillation, to afford >97 % purity levoglucosenone [6] . The implementation of design of experiments approach allowed us to easily identify the most influent variables and to carry out the optimization with a reduced number of experiments [7] .
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LEVOGLUCOSENONE IN ASYMMETRIC SYNTHESIS
The privileged structure of levoglucosenone makes this chiral synthon a useful building block for the development of new tools of asymmetric synthesis. Our research group has been a pioneer in this field, as discussed in this section.
Chiral auxiliaries
Initially, we examined the usefulness of levoglucosenone in the development of chiral alcohols that could be used as efficient chiral auxiliaries in Diels-Alder cycloadditions between the corresponding acrylic esters 2 and different cyclic and acyclic dienes 3, Scheme 2. The resultant adducts 4 can be further hydrolyzed to afford enantiomerically pure carboxylic acids 5 with concomitant recovery of the chiral auxiliary.
The first generation of inductors was synthesized following a [4 + 2] cycloaddition reaction with a suitable diene followed by the reduction of the carbonyl group. The inductive capacity of the resulting alcohols was evaluated as depicted in Scheme 2 using cyclopentadiene as the dienic counterpart. Under thermal conditions, the cycloaddition step afforded high yields and modest diastereoselectivities; this was reasoned as a consequence of the conformational flexibility of the dienophile. On the other hand, the use of Lewis acids such as Et 2 AlCl and EtAlCl 2 not only increased the endo/exo ratio but also the π-facial selectivity (endo R/S). As shown in Fig. 1 , the best levels of asymmetric induction were achieved with alcohol 9, while compounds 6 and 7 afforded slightly lower selectivities [8] .
In an attempt to improve the levels of π-facial selectivities, a second generation of chiral auxiliaries was next designed using the structures of 9 and 10 as templates. It was thought that the introduction of different substituents at the benzylic position, closer to the hydroxyl group, would provide a new element of steric control by imposing additional restrictions to the approach of the dienes through that face of the molecule. As depicted in Scheme 3, this structural modification could be easily achieved through a regioselective Diels-Alder reaction between levoglucosenone and a variety of 9-substituted anthracenes 11a-d, easily obtained from commercially available 9-anthracene methanol. Since this key chemical transformation did not perform well using Lewis acids as catalysts, the desired products could © 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 8, pp. 1683 -1692 , 2013 Cellulose recycling as a source of raw chirality 1685
Scheme 2 Chiral auxiliaries derived from levoglucosenone in asymmetric Diels-Alder reactions. only be obtained after several days in refluxing toluene. In order to reduce the reaction time and therefore increase the energy saving, we found that these reactions could be efficiently carried out under microwave irradiation, affording the desired products 12a-d in very good yields and selectivities after only 4-5 hours of irradiation [9] . Further reduction of the ketone function with NaBH 4 led to the formation of alcohols 13 and 14, both having the appropriate functionality to be tested as chiral auxiliaries. However, the steric hindrance exerted by the substituents at the benzylic position made the esterification step of alcohols 13a-d notably difficult. For this reason, experimental conditions were developed to obtain higher amounts of the other desired auxiliaries 14a-d [10] . The inductive capacity of chiral auxiliaries 14a-d was tested in asymmetric Diels-Alder reactions between the corresponding acrylates and five representative dienes (Scheme 2), under thermal, Lewis acid and microwave-promoted conditions [10] . In all cases, high stereo-(endo/exo>96:4), regio-(ortho/meta or para/meta >99:1), and π-facial selectivities (up to 98 % d.e.) were observed when using Et 2 AlCl or EtAlCl 2 as Lewis acids, Fig. 2 . The sense of asymmetric induction depended upon the diene and the nature of the benzylic substituent of the chiral auxiliary, the smallest ones (R = Me, R = Ph) being the most effective in terms of π-facial selectivity. Further hydrolysis of the Diels-Alder adducts (Scheme 2) afforded the corresponding free carboxylic acids in high enantiomeric purity along with the quantitative recovering of the chiral auxiliaries to be reused.
Detailed NMR studies and quantum mechanical calculations were made to rationalize the stereochemical outcome of these highly selective reactions [10a,b] . In particular, we found a π-stacking interaction between the phenyl ring and the alkene moiety present in the acrylate 15 as the key element of stereocontrol when using 14b as chiral auxiliary, which was initially proposed based on the NMR data, . More recently, we aimed at exploring the effect of electron density of the arene moiety with the relative strength of the π-stacking interaction exerted with the acrylate counterpart. Preliminary results showed that the introduction of electron-releasing and -withdrawing groups at the para position of the phenoxy group of 14b had a slightly effect on both the π−π interaction and the facial selectivity in the corresponding Diels-Alder reaction with cyclopentadiene. In order to explore the scope of the chiral auxiliaries in other chemical transformations, we next envisaged the construction of polysubstituted pyrrolidines by mean of using acrylates 17 as chiral dipolaro philes in asymmetric 1,3-dipolar cycloadditions, Scheme 5.
Pyrrolidines are five-membered ring heterocycles containing a nitrogen atom, which are profoundly distributed in naturally occurring secondary metabolites and also in synthetic pharmaceutical and agrochemical agents. The best-known examples are the L-proline and the 4-hydroxy-L-proline, but there is a lengthy list of biologically active compounds that share this key structural feature in their molecular framework [11] . Not surprisingly, this heterocyclic ring system has attracted the attention for new synthetic developments [12] .
Our experimental results indicated that using the corresponding silver metallo-azomethine ylides derived from 18, endo-substituted pyrrolidines 19-20 were obtained in very good yields (up to 95 %) and diastereomeric excess (up to 82 %). The isolation of only two adducts of all possible 16 isomers constitutes a remarkable feature of this system, which is currently being studied in detail and will be published in due course.
Solution-and solid-phase chiral catalysts
Amino alcohols are versatile chiral building blocks for organic synthesis and have also been used extensively as chiral auxiliaries or catalysts in asymmetric synthesis. The enantioselective nucleophilic addition of organometallic reagents to carbonyl compounds in the presence of chiral β-amino alcohol as cat-alysts is recognized as one of the most effective methods for generating optically active secondary alcohols [13] . Taking advantage of the keto functionality of the precursors of the chiral auxiliaries 12 (Scheme 3), we envisioned the development of amino alcohols through an epoxidation reaction [14] followed by the oxirane ring opening with different nucleophiles. Preliminary results demonstrate that this strategy efficiently affords the chiral amino alcohols 21-23 derived from levoglucosenone (Fig. 3) . Additionally, amino alcohols were immobilized on Wang resin with the purpose to be used as supported catalysts.
The inductive capacities of chiral catalysts 21-23 were evaluated in the asymmetric addition of Et 2 Zn to benzaldehyde (24) (Scheme 6). In all cases, 1-phenylpropanol (25) was obtained in excellent yields with good enantiomeric excesses (up to 70 %). It is important to mention that the amino alcohols can be recycled and were reused without loose in the catalytic activity.
Chiral organocatalysts
Chiral pyrrolidines are molecular scaffolds that are found in many efficient chiral organocatalysts. Taking advantage of the unique dipolarophilic reactivity present in 1, we foresaw the 1,3-dipolar cycloaddition using azomethine ylide as a direct route for the development of novel organocatalysts. Using this methodology, new families of pyrrolidines 26 were synthesized in excellent yields, regioselectivities, and stereoselectivities. Furthermore, an unprecedented isomerization event led to a new family of pyrrolidines 27 with an unusual relative stereochemistry (Scheme 7) [15] .
To evaluate the usefulness of levoglucosenone-derived chiral pyrrolidines in asymmetric synthesis, the compounds synthesized in this work were tested as novel organocatalysts in iminium-ion-based Diels-Alder reactions between (E)-cinnamaldehyde (28) and cyclopentadiene (29) (Scheme 8). All compounds demonstrated to be very active catalysts, typically achieving completeness of the reaction in 5-48 h using 15 mol % of catalysts load. The yields (up to 97 %), exo/endo selectivity (up to 85:15) and enantiomeric ratios (up to 90 % ee) were also high, making this system an excellent candidate for further optimization. It is important to point out that few organocatalytic systems have been reported to have a marked preference towards the exo adducts.
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ENANTIOSPECIFIC SYNTHESIS
The term "glycal" is used to define pentose and hexose derivatives having a double bond between the anomeric carbon and the adjacent one [16] . These compounds are versatile synthetic intermediates, owing to the variety of transformations associated with their enol ether functionality. Access to glycals is important in the glycosylation field for the synthesis of oligosaccharide motifs [17] , C-glycosides [18] , C-nucleosides [19] , nucleosides [20] , and other biologically important molecules. Much effort was committed to obtain glycoconjugated compounds using the glycal method [21] in order to prepare synthetic vaccines. If new structural scaffolds are to be built up, it will be necessary to provide a variety of glycals of different configurations. In this respect, the only pyranoid glycals that are readily accessible currently are either D-glucal and D-galactal or L-rhamnal. Other D-glycals, such as D-gulal and D-allal (which are derived from rare sugars) are not readily available [22] . Rare sugars are defined as monosaccharides that exist in nature but are present only in limited quantities. For example, D-allose, a rare sugar and a parent compound of D-allal, has exhibited several interesting biological activities [23] . However, due to its low natural abundance the studies of its biological effects are limited.
Several methods have been reported for the synthesis of D-allal [24] , but to the best of our knowledge none of them have allowed this building block to become commercially available. Hence, the development of a straightforward synthetic route toward this glycal is still a challenging goal in carbohydrate synthesis. Based on the premises of simplicity and effectiveness, an innovative synthesis of tri-O-acetyl-D-allal was achieved from levoglucosenone, Scheme 9.
Reduction of levoglucosenone (1) under Luche conditions [25] afforded the allylic alcohol 31 in a chemo-and stereoselective way with very good yield. Although the configuration of C-2 is not crucial because it will be converted into a sp 2 carbon, our studies showed that selectivity in the dihydroxylation step is strongly dependent on the stereochemistry of this center. Allylic xanthate was envisioned as a good precursor for the generation of enol-ether functionality. cis-dihydroxylation of 32 under catalytic conditions, and further acetylation of the newly generated hydroxyl groups afforded a sole product 33 in excellent overall yield.
Treatment of xantate 33 with trimethylsilyl triflate and acetyl sulfide provoked the ring opening of the 1,6-anhydro bridge with concomitant formation of a five-membered ring 1,3-oxathiolane-2-thione, and acetylation of the primary alcohol cleanly furnished the bicyclic system 34 in 94 % yield. The lately formed 1,3-oxathiolane-2-thione functionality was considered an adequate precursor for the generation of the 1,2-double bond. When substrate 34 was submitted to Corey-Winter reaction conditions [26] tri-O-acetyl-D-allal (35) was obtained in 75 % yield.
In this way, the synthesis of 35 was achieved in six steps and 56 % overall yield from a biomassderived starting material [27] . Recently, in order to improve the greenness of the synthetic sequence a radical initiated fragmentation process was used to substitute the Corey-Winter protocol. Preliminary experiments showed promising results when using lauryl peroxide as radical initiator.
CONCLUSION
The pyrolytic degradation of the polymeric chain in cellulose-containing materials is a valuable route to produce chiral compounds and provides an opportunity to broaden the current portfolio of chemical products. Moreover, it has been demonstrated that the conversion of biomass in useful chemicals is an alternative that can compete or even replace the ones derived from fossil sources. Levoglucosenone has proven to be an important synthon for the development of chiral key intermediates, chiral auxiliaries, catalysts, and organocatalysts. These results, in addition to the fact that the starting material is inexpensive, renewable, and highly accessible, make these systems excellent models to be further employed in the preparation of other enantiopure products.
